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Abstract

This paper aims at investigating the design ofegZe-drying cycle taking into account the
energy utilization efficiency. A coffee freeze-drgi process is considered as case study. The
analysis is focused on the primary drying, as #iege accounts for most of the energy
consumption. A simplified mathematical model isdise calculate the design space of the
process, with the goal to point out the operatiogditions (temperature of the heating shelf
and pressure in the drying chamber) that allowsBatig the constraints of the process.
Experimental investigation is required to deternmmadel parameters, namely the coefficient
of heat transfer to the product, and the resistaficke dried cake to vapor flow. The same
model, coupled with equations describing the dyeanof the freeze-dryer, is used to carry
out the exergy analysis of the process, thus panbut the operating conditions that allow

minimizing the exergy losses and maximizing thergxefficiency.
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Introduction

Among various drying processes, freeze-drying isegally recognized to allow obtaining a
higher quality product, that can be easily rehyaltatind retain organoleptic properties,
mainly as a consequence of the low operating teatyess. In fact, the product is generally
placed over the shelves of the drying chamber, evitgs initially cooled at low temperature
(e.g. -50°C) in such a way that most of the watee4es (the "free water"). Then, pressure in
the chamber is lowered in such a way that ice swdilon can occur (primary drying). This
requires supplying heat to the product as ice sdilon is an endothermic process: in pilot-
scale and industrial-scale units the product igdteasing a technical fluid that flows inside
the shelves of the chamber. Afterwards, producpeature is increased (and, sometimes, the
pressure in the drying chamber is further redudeddrder to enhance desorption of the
"bound" water (secondary drying), so that the tavgéue of residual moisture in the product
can be achieved (see, among the others, Mello8;18hnings, 1999; Oetjein and Haseley,
2004; Franks, 2007).

One of the drawbacks of the freeze-drying proceskat the amount of energy required
is very large: although the heat of sublimatioral®ut the same as the heat of evaporation,
the amount of energy required in a freeze-dryiragess is higher with respect to other drying
process, in case the whole process and equipmentaasidered (Flink, 1977). With this
respect, the most critical step is primary dryitigat accounts for about 45% of the total
energy required by the process (Ratti, 2001).

The problem of the optimization of the primary dyistage has been widely addressed
in the scientific literature with the goal to idéptthe values of the temperature of the heating
fluid (Tyug) and of the pressure in the drying chamb®y that allow minimizing the drying

time. In this framework there are two constrairitattmust be satisfied. The first is about



product temperature, that has to remain below & Nalue in order to preserve product

structure (i.e. to avoid dried cake collapse) aadavoid product degradation: the limit

temperature is generally assumed to be few deghegiser than the glass transition

temperature. On the other hand, it is necessagvtid the loss of pressure control in the
drying chamber due to the occurrence of sonic flowoking flow) in the duct connecting the

chamber to the condenser when sublimation flupashigh (Searles, 2004; Nail and Searles,
2008; Patel et al., 2010a).

The optimization problem can be solved in-line, using a suitable monitoring and
control system (Pisano et al., 2010, 2011a; FisaackBarresi, 2011; Fissore et al., 2012):
mathematical modeling is required both to calcuthte values of the manipulated variables
(with the goal to achieve the aforementioned goalsyl to estimate the state of the system on
the basis of the available measurements. Matheahatiodeling can also be used to calculate
off-line the design space of the primary dryingjghdetermining the optimal values of the
operating conditions by means of a true qualitydegign approach (Giordano et al., 2011;
Fissore et al., 2011a; Pisano et al., 2013).

Despite the large amount of energy required bypiloeess, little work has been done
on this aspect. To this purpose the exergy corzapbe very useful. Exergy is defined as the
maximum amount of work that can be extracted fropmysical system by exchanging matter
and energy with large reservoirs at reference stdtke exergy is thus a measure of energy
quality and can be associated with the irrevensidsl occurring during the freeze-drying
process. The goal of the exergy analysis is totifiyethe operating conditions that allow
minimizing the exergy losses in the process becdhse would improve the economic
efficiency (and the sustainability) of the procdss increasing the efficiency of energy
utilization. In the field of freeze-drying processé.iapis and Bruttini (2008) and Liu et al.

(2008) carried out a detailed exergy analysis efuwérrious stages of the operation (freezing,



primary and secondary drying) as well as of vacypumping and of vapor condensing.

Liapis and Bruttini (2008) carried out the inveatign using a detailed bi-dimensional
model. Unfortunately, multi-dimensional models aoenplex, the numerical solution is time-
consuming, and they involve a lot of parameters sehealues is quite often unknown, and
could be determined only with high uncertainty, shmpairing the accuracy of the model.
Moreover, it appears from published data (PikaB5t%Sheehan and Liapis, 1998) that radial
thermal gradients are small, even in case the ptoduheated by radiation from drying
chamber walls, and, thus, a simple one-dimensionatlel is suitable to describe the
dynamics of the product.

Liu et al. (2008) used a mono-dimensional modelth&f process, but some of the
simplifying assumptions appear to be erroneous, thgt the vapor pressure at the
sublimation interface is equal to the chamber pnessor that the temperature of the product
and the sublimation flux remain unchanged durinmary drying.

In this paper a simplified approach will be usectéory out the exergy analysis of the
process, using the mono-dimensional model of Velardi Barresi (2008) to describe ice
sublimation in the product, and a simple modeldsatibe the dynamics of water vapor (and
of the inert gas, in case controlled leakage isl iseegulate chamber pressure) in the freeze-
dryer. The goal of the study is to merge the resoitttained through the design space of the
process, with those obtained from the exergy arslys a lot of calculations are required,
due to the fact that it is necessary to repeaexeegy analysis for all the potential values of
Truig andP. that could be used to carry out the process,itie tequired by the calculations is
an important issue, and the use of simplified m®demandatory. Nevertheless, care must be
paid when doing simplifying assumptions as they significantly affect the accuracy of the
results.

The case study that will be considered in the Walhg is the freeze-drying of a coffee



extract in trays. This is due to the fact that eeffs the most common freeze-dried liquid in
the food industry as this process allows presertiggcoffee flavour to a great extent. At
first, experimental investigation is required totetenine model parameters, than, results
obtained from design space calculation and exerglyais are used to identify the best

operating conditions.

Materials and Methods

Mathematical modeling

In order to describe the dynamics of the produahdpéreeze-dried, i.e. the evolution of the
temperature of the product and of the residual amotiice, as a function of the operating
conditions Thug and Pg) it is necessary to model the dependence of tla thex to the
product and of the mass flux from the sublimatioteiface on the operating conditions (see
Figure 1). Generally, the heat flux from the hegtfluid to the product is described by the
following equation:

3, =K, (Thua —Te) (1)
whereTg is the temperature of the product at the bottormeftray (or of the container used),
andKy is a heat transfer coefficient that accounts lfiertarious mechanisms of heat transfer
to the product. The coefficiemt, depends on the characteristics of the containérofrihe
equipment, and on chamber pressure (Pikal, 1985;Risano et al., 2011b). The following
equation is generally proposed in the literaturdedscribe pressure dependenciof

B, (R
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The solvent flux from the interface of sublimatitmthe drying chamber can be calculated



using the following equation:

10
‘]w - Rp ( pw,i pw,c) (3)

wherepyi andpyc are, respectively, the partial pressure of watgov at the interface of
sublimation and in the drying chamber, &ds the dried cake resistance to vapor flgxis
a function of product characteristics and of thekiess of the dried layer and, generally, the

following equation is proposed:

B, [L,.
Rp:AQ + Ry dried

—r 4
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To calculate the equilibrium vapor pressure, that fisnction of the interface temperature, the
equation proposed by Goff and Gratch (1946) carused. Values calculated using this
equation are is in good agreement with data regdote Wagner et al. (1994) and with
experimental values reported by Marti and Mauegref1993).

The simplified one-dimensional model proposed byavtiland Barresi (2008) can be
used to describe the dynamics of the process. dorsposed by the energy balance for the
frozen product and the mass balance for the watpowinside the dried product. The slow
dynamics of the process allows neglecting the gnacgumulation in the frozen product, and
the mass accumulation in the dried layer. The pesai an inert gas in the product is
neglected, as well as the contribution to heatsfierrof the side wall of the container.

The apparatus can be described as two units imssetihe drying and condenser
chamber, connected by a short duct (Sane and 1988).2The convective flow that passes in

the duct can be described as follows:

Nduct = kduct (R: - I:z:ond ) (5)
wherekyy is the permeability of the drying chamber-condertsnection. Its dependence

on the total flow rate can be described by meares wdlynomial function whose coefficients



should be experimentally identified for the appasaised:

Kgoe = 80 8 Noee + 8N (6)
The material balance for the drying and condensamber can be written assuming that the
gas is made of water and other gas (e.g. nitrogenoaygen, due to leakage and controlled
leakage for pressure control). Thus, the materddrize equations for the drying chamber

result:

dmc

- A&u —t ywl yw,cNduct (7)

W

W 4N, + N, =Ny (8)

whereN, is the leakage flow ratdyy is the controlled leakage flow ratg,. is the water
molar fraction in the drying chambey,, is the water molar fraction in the leakage stream,
Nw,c IS the number of water moles in the chamber,ransl the total number of moles of gas in
the chamber. Assuming that the gas behaves agahgds, the dynamics of gas composition

and of the total chamber pressure is describetdyallowing equations:

dy, . RT, "
T:(PV J(Asib +yW| yw,cNduct] (9)
dl:’C _ RT w

dt _( J(Asub + NI + Ncl - NductJ (10)

The inlet flow rate of inert ga$\f) is calculated depending &3 as follows:

R-Ry=0 NI =Ny

cl

P-P_>0 N;“):N“' M -AN, (RV-P.) (11)

¢.sp

RoR<0 ND=NEeaN, (RO-R,)

¢,
whereP., is the set-point of chamber pressure avjfl’ is the value of controlled leakage
flow rate at tha-th time instant, calculated on the basis of thespure at that time instant

(P") and of the controlled leakage flow rate in thevious time instant.



The transient material balance for the chambedeoser is given by the following

equations:
d con
% = yw,cNduct - yw,oond Npunp - Nice (12)
dn
C(i:nd = Nduct - Npurrp - Nice (13)

whereNc is the molar flow rate of water that is trappedhe condenser as icpump is the
flow rate of gas evacuated by the vacuum puyipend is the water molar fraction in the
condenser chamben, cong IS the number of water moles in the condenser bleanandngong

is the total number of moles of gas in the condensamber. Also in this case, assuming an

ideal gas behavior, equations (12) and (13) canrligen as:

adY,, cona RT .
weond _ con N — N —_ N 14
dt ( Pcondvoond (yw,c duct yw,cond pump |ce) ( )
dP,« _[ RT,,
dt d _( Vcondd j(Ndw N =) )

It is possible to assume that all the water vapat reaches the condenser chamber is
condensed, and the residual water in the gas mlmasesponds to the equilibrium value at the
temperature of the cooling surface. With respecvvaouum pump, the flow rate of gas
evacuated is a function of the inlet pressure @& pump, i.e. the total pressure of the
condenser chamber. Hence, equations (14) and éibpe solved only if the characteristic

curve of the vacuum pump is known.

Model parameter determination

The gravimetric test was used to determine theevaflkK, at a given pressure: the tray was
filled with water and, then, the primary drying weearied out for a time intervat. If Amis

the measured weight loss during the test, than:



Am[AH
K, = 3
At [qTfluid _TB) A,

(16)

As it appears from eq. (16) ice temperature atbtiibom has to be measured during the test.
The gravimetric test was repeated at three difteralues ofP. with the goal to determine the
values of the parameters appearing in eq. (2) hapkor best fit between measured and
calculated values df, at different values d®..

With respect to the parametBg, it was determined using the pressure rise tast: t
valve in the duct connecting the drying chambeth® condenser is closed for a short time
interval during primary drying, thus causing pressuncrease in the chamber. A
mathematical model is used to calculate the presssg, and model parameters that give best
fit between model predictions and experimental mesasents are calculated. DPE+
algorithm has been used to this purpose (Fissoral.et2011b). The equilibrium water
pressure ;) is calculated looking for best fit between caétal and measured values of
chamber pressure, solving the least-square problem:

2

min . (R = P ) (17)

The steps required by DPE+ algorithm are the fahos.

1. Initial guess ofT;, product temperature at the sublimation interfaicéhe beginning
of the test (i.e. wheh=ty);

2. Calculation ofpy,; o Wwhen product temperatureTis,. The Goff-Gratch equation (Gogg
and Gratch, 1946) can be used to this purpose;

3. Calculation of the first derivative of the presstise curve at = to.

4. Calculation ofR, using the following equation:

_N,ART, (dp,.\"
Rp_ VCMW ( dt J (pw,i,O_pw,c,O) (18)

t=t,

5. Calculation ofJ,, using the following equation:

‘Jw = Ri( pw,i,O - pw,c,O) (19)

p



6. Determination ot e, integrating numerically the mass balance for thedn layer:

derozen 1
=- N (20)
dt pfrozen - lodried
7. Determination oK, from the energy balance at the interface of suddiiom:

J=0HJ, (21)

(whereJy is given by eq. (1));
8. Integration of model equation describing pressise in the chamber in the time
interval (o, t ), wheret; — tpis the time length of the test, in order to calteiRy k.

9. Evaluation ofT; o that best fits the calculated chamber pressutigetoneasured data.
Once the optimal value df o has been calculated, also model param&gendK,, as well
asLirozn (Or Laries) @ndJd,, are known. The test is then repeated during prirdeying stage in
order to determine the parameters appearing ii4¢dooking for best fit between measured

and calculated values 8% at different values df yied.

Design space calculation

The design space is constituted by the set of vabfiegg and P, that maintain product
temperature below the selected limit value. Foringerg value of chamber pressure it is
possible to calculate the maximum allowable tempeeaof the heating fluidTfuigmx) USING

the energy balance at the interface of sublimation:

K, (Tfluid _TB) =AH, Ri( Puwi ~ pw,c) (22)

p

Equation (22) can be written as a functioof

-1
1 L rozen 1
(? + kf ] (Tfluid _-I-I) = AHs?p( Puwi ~ pw,c) (23)

\ frozen

Product temperatur€ can therefore be calculated once the valuek@f, P andLgieq are
known (aspw, is a function ofT;, R, is a function oL gries @aNdLfrozen = Lo — Laried). ThiS means
that the design space changes during primary drgsgointed out by Fissore et al. (2011a).
For a given value ofg4ieq and of P and, thus, oK,, the limit valueTyuiqmax IS the one that

bringsT,; to the limit value Trax):



l L rozen l
Tfluid,max :Tmax | — f AHS_[ pw,i (Tmax) - pw,c] (24)
K R,

For a given value ofgieq it is thus possible to calculal&uqmax @s a function ofe, i.e. the

design space.

Exergy analysis

During primary drying energy is required to sublim¢he ice in the product. The approach of
Liu et al. (2008) to calculate the exergy input &mel exergy losses has been followed in this
study, but using the model of Velardi and Barr@8i08) to calculate product dynamics as the
validity of some of the hypothesis at the basisttd paper of Liu et al. appears to be

guestionable as previously pointed out.

The exergy losses due to heat transfer during pyirdeying (Ex™. ) are calculated

0ss,h

from the temperature profile in the dried layeruki al., 2008):

d ta [ Laried Tokdried dT 2
E)(,E,ﬁh = A&ub J.O J-O ?(a dxdt (25)

whereTy is a reference temperatuilethe temperature of the product at axial positoKyieq
is the thermal conductivity arldyeq is the thickness of the dried cake, &y the duration of
primary drying. The temperature profile in the driaegter is calculated solving the Fourier
equation written for the dried cake: the mathenahtimodel previously described allows
calculating the vapor flux entering the dried lagsrwell as its temperature during primary
drying.

The exergy input resulting from heat transfer abtive reference temperaturi
(considering thaly is assumed to be equal to 0°C and, therefore uptaddmperature remains

below this value throughout primary drying) given(hiu et al., 2008):



) T -T
Exlpd =T mpcp from{ln( T| J_ i Tfreeze:|+mpAHs(%—1J+
0

freeze i

) T,-T
+TO (mN’in - rT‘N,fin) Cp,dried |: |r{?°j —%}
i 0

wherem, is the mass of moist produchyi, andmyq: are respectively the mass of water in

(26)

the product at the beginning and at the end of gmyndrying, Treeze IS the product temperature
at the end of the freezing stage. The equation iof dt al. (2008) has to be modified

accounting for the variation @i and of sublimation flux during time, thus obtaigin

J T, _Ti _Tfreeze ‘]w E_
nh O'ASubJ‘ {(% C()) p frozeq{ln[_l_ﬂeeze TO }+ (a)o—a)) AHS{T[ j+

TJ[ )Tt }d
i o |

With respect to mass transfer in the product beingd, the presence of noncondensable

(27)

gases resulting from leakage and outgassing ofdinaces in the system, as well as inert

gases from the material being dried, can be nemledthus, the exergy losses due to water

vapor flux in the dried Iayer&'x‘ossm) are given by:

_ A%ubTOR ty Leried 1 de(X)
EX'OSS”‘ a M, jo JWIO {pw(x) dx }dth (28)

wherep,, is water vapor partial pressure at axial posikonhe exergy input in the dried layer

due to mass transfe .ﬁf’m) Is given by (Liu et al., 2008):

pd  — ta l_ _ =~ pWI
m-Ag,JbTOjO JW{ |:To 1-1In (ToﬂJerl ( - j}dt (29)

The vapor produced in the drying chamber arrives tm cold surface of the condenser. The
change in temperature, as well as in the stattheofapor in the condenser can be described
as follows:

- the temperature of the vapdri{.ng) iS cooled down to the temperature that causes



desublimation of vaporM{es);
- the vapor desublimates at the temperaligg

- the temperature of the ice decreases to readmtidesalue [Tout cond)-

The exergy input of the vapor condensExT™ ) is given by (Liu et al., 2008):

_%Ond = cond{ TO - J (30)

T

cooling
where Teooing IS the temperature of the cooling medium, &rghd, the heat exchanged in the

condenser, is given by:

Qoond = %b _[: JW{(Tin,cond _Tdes) Cp,v + AHS + (Tda _Tout,cond ) Cp,ice} dt (31)

cond
0ss

T T
?;d - (rnm,in - m/v,fin) %TOCD,V {ln TTdes _ des in,cond J +

in,cond T

cooling
T, Toutcond — T,
_H'OAHS 1 _ 1 +TOijce |n out,cond __ "out,cond des
T, T T T,

The exergy losse ) can be calculated using the following equatiom @t al., 2008):

(32)

cooling des des cooling

Taking into account the variation of the sublimatitux with time, as well as Of4s due to

the variation of pressure in the condenser changoer(32) can be written as:

d T Ta_Tincon
= ToA ), Jw{cpv(de&s T ]

in,cond T

cooling
T, Totcona — T,
:FOAHS 1 _ 1 +T0Cp - Inout,cond ___out,cond des dt
T ' T

cooling des des cooling

(33)

The vacuum pump is used to reduce pressure inrytmgdchamber during the startup stage of
the process, and to evacuate the noncondensalds gasulting from leakage (air), from
controlled leakage used for pressure control (gémy in most cases), and from the material
being dried. The exergy input of the vacuum systegiven by the power input multiplied by

the drying time:



n1

hP =R, ¥ N | ——= 7 Toond (—;’“tj -1t (34)
n_

cond

The exergy losses due to the compression of aqiayés can be written as:

o = RT, [ { ol {F')iwﬂdt (35)

col

Finally, it is possible to calculate the exergyaéincy in the following way:

d d d
( E)Qﬁdh + E&Em + S E)gpump) ( Exloss h EX|O$ m ow T gussmp)
(EXI . E)ﬂ cond + E)gpurm)
n, n,m

n= (36)

Case study

The case study is the freeze-drying of a coffeeaextrit was prepared using commercial
freeze-dried coffee and de-ionized water obtaingidgua Millipore water system (Milli-Q
RG, Millipore, Billerica, MA). The solute percentage the resulting solution was equal to
25%. The glass transition temperature for this pcoduas measured using a differential
scanning calorimeter (DSC type Q200, TA InstrumeN&y Castle, DE, USA).

Model parameters were determined in a small-sidestrial apparatus (LyoBeta25 by
Telstar, Terrassa, Spain) with a free chamber volafr®178 ni and equipped with T-type
miniature thermocouples, capacitance (626A BaratMKS Instruments, Andover, MA,
USA) and thermal conductivity (Pirani PSG-101-Siclon, Bad Ragaz, Switzerland) gauges.
In the capacitance gauge the sensing element fldaetically under the effect of a pressure
gradient across it, and this causes a change mcitapce that is measured by the gauge. In a
thermoconductivity gauge a metal wire is suspenmte@ tube connected to the drying
chamber. The temperature of the wire, and, thusegistance, depends on the electric current
flowing through it and on the rate at which thaurfilent loses heat to the surrounding gas, and

therefore on the gas thermal conductivity, thadirectly proportional to pressure at a given



temperature. Therefore, measuring the voltage adiws wire and the electric current the
resistance can be determined and, from this vaéhgepressure is measured. In the tests the
pressure in the drying chamber is regulated bydiheeof inert gas as it guarantees better
pressure control with respect to managing the valveghe vacuum pump. Table 1 reports
some geometry features of the apparatus. The dbastic curve of the vacuum pump is
given in Table 2.

The product was loaded over one of the shelvesguai metallic tray (mean wall

thickness = 2 mm): the mean thickness of the frgeduct was equal to 12.5 mm.

Results and Discussion

As it has been outlined in the Materials and Meghsektion, in order to use the mathematical
model for the calculation of the design space, el & of the exergy losses during primary
drying as a function of the operating conditiofg,¢ andP), model parameter&{ andR,)
have to be determined.

Figure 2 (graph A) shows the values of the coeffitk, measured with the gravimetric
test, as well as the curve obtained when using (Y. whose parameters have been
determined looking for best fit between calculased measured values of the heat transfer

coefficient, obtainingA = 1.1 W n¥K™, B, = 0.66 W nfK™P&', C, =0.005 P&. Figure

2 (graph B) shows the values of dried cake resistatetermined with the pressure rise test
and DPE+ algorithm. As is well known accurate aglthble results cannot be obtained in the
second part of primary drying when using pressige-test based method. Thus, only the first
set of the values dR, (the filled symbols in Figure 2 — graph B) havesbeonsidered to

calculate the parameters of eq. (4) (while emptynisyls indicate the wrong estimations



obtained from the pressure rise test), obtainiag = 2.510' m §*, B, = 1.210°s%, C, =

5.3810° m™.
Once model parameters have been determined, nvatldation is required. Model
validation can be carried out by comparing:

- the calculated values of product temperature witlos¢ measured by the
thermocouples and those estimated with the pressaréest and DPE+ algorithm;

- the calculated values of frozen (or dried) lay@ckhess with those estimated with the
pressure rise test and DPE+ algorithm;

- the duration of the process estimated by the meddl determined experimentally
considering the ratio of the pressure signals piediby the Baratron and Pirani
sensors (Armstrong, 1980; Patel et al., 2010b).

Figure 3 shows an example of the results obtaineddoffee freeze-drying cycle operated at
constant values of heating fluid temperature arainter pressure. Drying time, determined
from the ratio of the pressure signals obtainednfibie Pirani and the Baratron sensors,
ranges from 19 to 23 h (graph A). The value deteechiwith mathematical simulation of the
process is about 20 h. The agreement between tbelatad dynamics of the frozen layer
thickness (graph B) and of product temperaturep{g!@) are in fairly good agreement with
the values obtained from the pressure rise testDdeH algorithm. With respect to product
temperature, reliable values are obtained fronptleasure rise test only in the first part of the
primary drying. As the operating conditions are natdified and the product temperature
remains below the glass transition temperature.$°23), then product temperature can be
supposed to remain roughly constant, until the enh@rimary drying, as predicted by the
mathematical simulation of the process.

At this point it is possible to calculate the dgsispace of the process, using the

approach of Fissore et al. (2011a), that is basetth® same model of the process previously



validated. For the product under investigation ghess transition temperature determined
with DSC is -24.5°C. Results are shown in Figur@raph A). The design space is affected
by dried layer thickness as it changes the registda vapor flow and, thus, a couple of
values ofTy,iq andP. that belong to the design space at the beginripgimary drying, may
lay outside the design space when drying goesmoase we aim to look for a simple cycle,
where the values of the operating conditions atemaified during primary drying, then we
need to take into account the curve of the despgites calculated for a value of dried layer
thickness approaching the total product thickn€dsziously, there are a lot of values of the
operating conditions that allow fulfilling the cdrant about maximum product temperature.
In order to choose among them it is necessary ngider the values of the sublimation flux,
as it is advantageous to reduce the duration optimeary drying. Figure 4 (graph B) shows
the values of the sublimation flux in a certaindimstant during primary drying (the trend of
the curves is the same throughout the primary drpimase). Looking at the curves of Figure
4 (graph B) it comes out that the optimal operatingditions (i.e. those that maximize the
sublimation flux) correspond to low values Bf (e.g. 5 Pa in this case) and high values of
Thuig (€.9. -5°C in this case).

In order to assess the effect of the operatinglitions in the drying chambeTq and
P.) on the exergy losses of the process, we perfotimedalculations of the exergy losses
during sublimation phase for both the product i dinying chamber, the vapor condenser and
the vacuum pump. Figure 5 shows the values ofxtkegg losses in the primary drying stage,
for vapor condensing and vacuum pumping (giveneasgntage of the total exergy loss), for
different values oP.. It comes out that at low values Bf,ijg most of exergy losses occur in
the pump, while the contribution of the condenset af the drying chamber increases as the

temperature of the heating fluid increases. Wipeet to chamber pressure, the contribution



of exergy losses in the chamber decreases as chgmbssure increases, while that of
vacuum pump and condenser increases.

Figure 6 shows the values of the exergy lossélarprimary drying step as a function
of chamber pressure and heating fluid temperatuegpears that while the shelf temperature
seems to have no effect on the exergy losses itdhdenser (this is due to the different
contributions of the phenomena occurring in thedemser on the exergy losses, namely the
cooling of the vapor to the desublimation tempagtthe desublimation of the vapor, and the
temperature decrease to the final value as modiglled. (32)), its effect is remarkable on the
drying chamber losses and, in particular, the highé¢he temperature of the fluid, the higher
are the exergy losses as this increases produpetatare: this is due to the fact that a higher
surface temperature causes the temperature gradidre dried layer to be larger. The value
of the chamber pressure affects both exergy logsethe drying chamber and in the
condenser, but the effect is different: while imgi@g chamber pressure decreases the exergy
losses in the chamber, this increases the exesgg$an the condenser. The chamber pressure
affects both heat transfer and mass transfer irdtieel layer of the material: the temperature
gradient can be decreased due to the heat traesfeancement and this may reduce the
exergy losses. On the other side, when chambesymefcreases, also the pressure gradient
and, thus, the exergy losses due to mass tramgfieraise. In a process where heat transfer to
the product strongly affects the dynamics of thstey, heat transfer to the product plays a
more important role in the exergy losses than massfer in the material does and, thus, the
exergy losses decrease when increasing chambesupgedn a mass transfer-controlled
process the effect of chamber pressure would beofhymosite. As the process under
investigation is under heat transfer control, tlexergy losses decrease when increasing

chamber pressure. With respect to the condensam witreasing chamber pressure also the



sublimation temperature increases, and this isoresple for the increase of the exergy
losses.

The effect of the operating conditions on the clative exergy losses of the process is
shown in Figure 7. It appears that the exergy ss@ be minimized working at high shelf
temperature and low chamber pressure. Neverthelessave to take into account the exergy
input, and to calculate the exergy efficiency daraction of the operating conditions and the
information about the exergy efficiency can be alttethe design space of the product. An
example of these calculations is shown in Figurié &mes out that the valuestf;iq andP
that allows maximizing the exergy yield are, instbase, those corresponding to high values
of chamber pressure and low values of shelf tenperaWhen designing the freeze-drying
cycle a compromise has thus to be achieved, agdhks are to minimize the duration of
primary drying (and, thus, to maximize the sublim@tflux) and to maximize the exergy
yield (i.e. to minimize the exergy losses). Thisusexample of the common conflict between
time efficiency and Second Law energy efficienaging an energy efficient process favored

by low heating temperature and high chamber pressur

Conclusion

The determination of the optimal freeze-drying eyd of utmost importance as the freeze-
drying process requires a large amount of enefgynly drying time is taken into account, it
appears that the values of the operating condi{ibfg andP.) that should be selected are in
the upper right portion of the design space, iighlvalues of shelf temperature and low
values of chamber pressure: 5 Pa and -5°C appedre tthe (near) optimal operating

conditions in case a simple cycle is desired &.eycle with constant values ©f.iq andPy).



Exergy analysis can be effective to account fordffieiency in the use of energy. For
the coffee freeze-drying process the exergy loasesminimized if high values of chamber
pressure and low values of heating fluid tempeeatue considered: 30 Pa and -20°C are the
(near) optimal operating conditions in case a senaytle is desired.

Therefore, in order to improve the sustainabilifytlve freeze-drying process, i.e. to
maximize the energy efficiency, the best operatompditions are different from those
resulting in the minimum drying time. It has tolighlighted that this result is affected by the
thermal properties of the system, as well as byullees of the heat and mass transfer
coefficients and, thus, different conclusions maydchieved in case the freeze-drying of

different products is investigated.
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Notation

Asub

Cp,dried
Cp,frozen

Cpiice

cond
in

B,
X,
Bxp
EXI 0ss
EXI oss;t

parameter used in eq. (2), WK™
cross surface of the product in the viaf m

parameter used in eq. (4), th s

total surface of sublimation,’m
parameter used in eq. (6), kmol'8a
parameter used in eq. (6), Pa

parameter used in eq. (6), kmBh's™

parameter used in eq. (2), WKi'Pa’

parameter used in eq. (4}, s
parameter used in eq. (2), Pa
parameter used in eq. (4).'m

heat capacity of the dried product, J'Kg"
heat capacity of the frozen product, JKg
heat capacity of the ice, J g™

heat capacity of the water vapor, J'*Kg'

exergy input to the condenser, J
exergy input due to heat transfer during pringmyng, J
exergy input due to mass transfer during printagyng, J

exergy input in the pump, J

exergy loss, J K

total exergy loss, J Kg



cond
0ss

exergy losses in the condenser, J

Ex exergy losses due to heat transfer during prirdayymg, J

oss,h

Ex™ exergy losses due to mass transfer during priming, J

0oss,m

puTp exergy losses in the pump, J

0ss

AHs sublimation enthalpy, J Kg

Jq heat flux, W rif K™

Jw sublimation flux, kg $m™

Ky heat transfer coefficient between the shelf aedotioduct in the container,
W m’K™*

Karied thermal conductivity of the dried product, W™

Kauct permeability of drying chamber-condenser conoectkmol Pas™

Kerozen thermal conductivity of the frozen product, WKi*

Lo thickness of the product after freezing, m

Laried thickness of the dried product, m

Lrozen thickness of the frozen product, m

Muw water molar mass, kg kmbl

Am weight loss during the test to measkiyekg

my mass of the moist product, kg

My,in mass of moisture in the product at the beginoingrimary drying, kg

My fin mass of moisture in the product at the end ohary drying, kg

N molar flow rate of controlled leakage, kmdl s

ANg ratio between the variation of the controlled kgd rate and the difference

between chamber pressure and its set-point vainel &'Pa*

N molar flow rate of controlled leakage at tiip&mol s



Netuct
N
Nice
Npurp

Ny

Ne
Ncond
MNw,c

nW,cond

P

Po

Pw,i,0

Pw.c

Pw.co

molar flow rate in the freeze-dryer duct, kmdl s

molar flow rate of leakage, kmot's

molar flow rate of water that is trapped in tldenser as ice, kmof's
flow rate of gas evacuated by the vacuum pumml kh
number of vials in the batch

polytropic exponent of compression

total number of moles of gas in the drying chamkmol

total number of moles of gas in the condensemdiea, kmol
total number of moles of water in the drying clvem kmol
total number of moles of water in the condensander, kmol
pressure, Pa

reference pressure, Pa

chamber pressure, Pa
chamber pressure at timePa

set-point for chamber pressure, Pa

condenser pressure, Pa

calculated value of total pressure in the dryihgmber at timé&, Pa

measured value of total pressure in the dryingntdea at timek, Pa

exhaust pressure of vacuum pumping system, Pa

partial pressure of water, Pa

partial pressure of water vapor at the interfaiceublimation, Pa

partial pressure of water at the interface of isudion at the beginning of the
pressure rise test, Pa

partial pressure of water vapor in the dryingnahar, Pa

partial pressure of water in the drying chambethatbeginning of the pressure



Qcond

To
Ts
Te
Teond

Tcool ing

Taes
Thuid
Thiuid mex
Ttreeze
Ti

Tio

Ti n,cond
Trrex

Tout,cond

t
At
tq
ts

to

rise test, Pa

heat exchanged in the vapor condenser, kJ

ideal gas constant, J kritel™

dried product resistance to vapor flow, T s
temperature, K

reference temperature, K

product temperature at the bottom of the coetailk
temperature in the drying chamber, K

temperature in the condenser chamber, K
temperature of the cooling source, K

desublimation temperature, K

heating fluid temperature, K

maximum allowed heating fluid temperature, K
product temperature after freezing, K

product temperature at the sublimation interf&ce
temperature of the product at the interface ofiswdtion at the beginning of the
pressure rise test, K

temperature of the vapor entering the condenser, K
limit product temperature, K

lowest temperature of ice cooled down by vapor eosdr, K
time, s

duration of the test to measutg s

drying time, s

finale time of the pressure rise test, s

initial time of the pressure rise test, s



Ve
Vcond

X

Yw,c
yw, cond

Yw,l

Greeks

Pdried

Pfrozen

volume of the drying chamber®m

volume of the condenser chambef, m

axial coordinate, m

water molar fraction in the drying chamber, -
water molar fraction in the condenser chamber, -

water molar fraction in the leakage stream, -

exergy efficiency

apparent density of the dried product, kg m

density of the frozen product, kg'm

moisture content in the product, kg kgproducil

moisture content in the product at the beginmhgrimary drying,

-1
KOwater KOproduct
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Table1

Drying chamber volumev) 0.178 m

Condenser chamber volunié.4q) 0.1m

Controlled leakage rate for pressure conttdly) | 1.010°° kmol P&'s™

Leakage rateN)) 4.9790410kmol s’

Total sublimation area) 0.16 nt




Table 2

Condenser

0.0/0.2/0.3/05/0.7/0.8|1.0/20| 3.0| 50| 2049 10° | 10*
pressure, Pg

Pump flow

S 00/0.1|/04(/20/48|58|7.0/9.5|11.0|13.0|15.0|18.0|19.0
rate, ni h’
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